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Mammalian pleiotropic regulator (PLRG1) belongs to a highly conserved family of seven WD40 domain-containing proteins in eukaryotes (2, 4) . The founding members of this protein family, PRL1 and PRL2, were identified first by T-DNA tagging in Arabidopsis thaliana, where PRL1 deficiency augments the sensitivity to growth hormones, stimulates the accumulation of sugars and starch in leaves, and inhibits root elongation (37) . More recently, it has been demonstrated that the A. thaliana CDC5/PRL1 complex is essential for plant innate immunity (39) .
Human PLRG1 initially was identified as a subunit of spliceosomal complexes purified from HeLa nuclear extracts by coimmunoprecipitation with CDC5L (2) . Indeed, interaction between PLRG1 and CDC5L appears essential for pre-mRNA processing, as peptides inhibiting CDC5L-PLRG1 complex formation efficiently block pre-mRNA splicing (3) .
The CDC5L-PLRG1 complex also was found to interact with the WRN protein, which is deficient in Werner syndrome, a rare autosomal recessive human disorder characterized by genomic instability and the premature onset of a number of age-related diseases, including cancer (1, 18, 28, 34, 53) . The WRN protein has exonuclease and RecQ helicase activity, interacts with multiple proteins of the DNA replication complex, and is crucial for DNA synthesis and DNA repair (12, 30, 31, 41, 43, 53) . Thus, PLRG1 offers an interesting link between the control of pre-mRNA splicing and DNA metabolism.
To elucidate the in vivo role of PLRG1 in vertebrates, we have generated conventional and conditional knockout (KO) mice for PLRG1, as well as antisense-mediated plrg1 knockdown zebrafish embryos and cell lines with an inducible inactivation of PLRG1. Taken together, our studies demonstrate a critical requirement for PLRG1 in the control of cell cycle progression and p53-dependent apoptosis during embryonic development and during adult tissue homeostasis.
CCAAACCTGTAGCACT-3Ј and inserted into the pGK12 vector after FseI and XhoI site digestion.
To conditionally inactivate the PLRG1 gene, exon 3 was flanked by loxP sites. Therefore, a fragment containing exon 3 was PCR amplified from mouse genomic DNA using the primers 5Ј-GGCGCGCCGGTCTCATCCAAAAAGGTTTTGTG T-3Ј and 5Ј-GGCCGGCCGAATCAACTTGAGTTTTCCCTGTAG-3 and inserted between loxP sites into the pGK12 vector after AscI and FseI digestion. The short arm of homology, consisting of a 2.5-kb fragment, was PCR amplified using the primers 5Ј-GGCCGCGTAGACTAAACGGCGGCGACATG-3Ј and 5Ј-CCGCG GTCAAGGGTCCAAGTGAATTAAAGAC-3Ј and cloned into pGK12 after digestion with NotI and SacII. The long arm of homology, consisting of a 5-kb fragment, was PCR amplified with the primers 5Ј-CTCGAGCTAGCCTGTGGGG AGACCATCT-3Ј and 5Ј-GTTTAAACAAACACCCTCTCACGAGTGGGG-3 and inserted into the pGK12 vector after XhoI and PmeI digestion.
Verification of recombination events by DNA hybridization. Genomic DNA was extracted from embryonic stem (ES) cells using cell lysis buffer containing 10 mM Tris-HCl (pH 7.5), 10 mM EDTA, 10 mM NaCl, 0.5% lauroyl-sarcosine, 2 mg/ml proteinase K, followed by isopropanol precipitation and then incubation at 56°C overnight. DNA was digested using BamHI or BglI restriction enzyme (New England Biolabs). A probe for PLRG1 was amplified using primers 5Ј-C ATTGCTGTATCGGCGCTACGTTT-3Ј and 5Ј-CTTGGTGCTCCTTACTTG GAGGTT-3Ј and for the neomycin phosphotransferase gene using primers 5Ј-TGAATGAACTGCAGGACGAGGCA-3Ј and 5Ј-GCCGCCAAGCTCTTCAG CAATAT-3Ј, and the probes were labeled with [␣ 32 -P]dCTP using the Ladderman DNA labeling kit (TaKaRa).
Cell culture. V6.5 F 1 hybrid ES cells (14) were transfected, cultured, and selected as described previously (25) . Targeting constructs were transfected in the V6.5 mouse ES line by electroporation, followed by a positive/negative selection with 250 g/ml G418 and 2 ϫ 10 Ϫ6 M ganciclovir. Surviving clones were screened for homologous recombination by Southern blot analysis according to the strategies outlined in Fig. 1 and 3 .
HTN-Cre-mediated PLRG1 deletion in vitro. Recombinant His-TAT-NLSCre (HTNC) fusion protein was expressed and purified as described previously (40) . Murine embryonic fibroblasts (MEFs) were incubated for 16 h with 5 M sterile HTN-Cre dissolved in Dulbecco's modified Eagle's medium-phosphatebuffered saline (DMEM-PBS) (8) . After 16 h of incubation, cells were washed with PBS, trypsinized, and replated for the respective experiments.
Animal care. The care of all animal was within institutional animal care committee guidelines. All animal procedures were conducted in compliance with the protocols of and approval by local government authorities (Bezirksregierung Köln, Cologne, Germany) and were in accordance with NIH guidelines. Mice were housed in groups of three to five at 22 to 24°C using a 12-h light/12-h dark cycle.
Genotyping. The genotyping of mice was performed on DNA obtained from tail biopsies. The detection of the conventional PLRG1 KO allele was performed using a three-primer PCR strategy with the primers 5Ј-CCTTCTCCATATTTA GCGTGG-3, 5Ј-TCTCTCTGCACCCTTCTGTTA-3 (wild-type), and 5Ј-CCTA CCGGTGGATGTGGAATGTG-3 (KO). The genotyping of conditional PLRG1 alleles was performed using primers flanking the 3Ј loxP site: 5Ј-TGTG ATGGTGGCCGTATTGAT-3 and 5Ј-CTGTTCCAGCTGTTCTTCACA-3Ј. The deletion of the loxP-flanked fragment upon Cre-mediated recombination was detected by PCR analysis using primers 5Ј-TGTTATGTGCAGTGCCTTT CT-3 and 5Ј-GTCCTCTGTCCAAGCATATTTG-3Ј.
Analysis of PLRG1 ⌬/⌬ embryos. Embryos were dissected from the uterus at the indicated gestational age, photographed, and genotyped by a seminested PCR using the following primers for the first PCR: common 5Ј primer, 5Ј-CCT TCTCCATATTTAGCGTGG-3Ј; wild-type 3Ј primer, 5Ј-TCTCTCTGCACCC TTCTGTTA-3Ј; and knockout-specific 3Ј primer, 5Ј-ATTTGTCACGTCCTGC ACGACGC-3Ј. Primers for the second PCR were the following: common 5Ј primer, 5Ј-CCTTCTCCATATTTAGCGTGG-3Ј; wild-type 3Ј primer, 5Ј-CCTC TCTTCATCCAAAGGCAC-3Ј; and KO-specific 3Ј primer, 5Ј-CCTACCGGTG GATGTGGAATGTG-3Ј.
Generation of PLRG1 ⌬mus and PLRG1 ⌬CNS mice. Muscle-specific creatinine kinase-Cre (MCKCre) mice were mated with PLRG1 flox/flox mice, and a breeding colony was maintained by mating PLRG1 flox/flox with PLRG1 flox/ϩ MCKCre mice. SynCre mice were mated with PLRG1 flox/flox mice, and a breeding colony was maintained by mating PLRG1 flox/flox with PLRG1 flox/ϩ SynCre mice. SynCre was always transmitted from females, as the transgene previously has been demonstrated to result in germ line deletion if transmitted via male germ cells (44) .
RNA hybridization. Mouse adult tissue (N1334447-BC) and embryonic-stage (R1011-SG) blots were purchased from BioCat. Blots were hybridized with a radiolabeled PLRG1 probe that had been amplified from mouse liver cDNA using the primers 5Ј-TGAATGAACTGCAGGACGAGGCA-3Ј and 5Ј-GCCG CCAAGCTCTTCAGCAATAT-3Ј as previously described (10) .
Western blotting. Indicated tissues were dissected and homogenized in homogenization buffer with a polytron homogenizer (IKA Werke), and Western blot analyses were performed by standard methods with antibodies raised against the respective antibodies as described previously (19, 22) . HTNC-treated wildtype and PLRG1 flox/flox fibroblasts were directly lysed in 2ϫ sodium dodecyl sulfate (SDS) sample buffer containing 125 mM Tris-HCl (pH 6.8), 5% SDS, 43.5% glycerol, 100 mM dithiothreitol (DTT), and 0.02% bromophenol blue and were heated at 95°C for 5 min. Primary antibodies against Bcl-2 (N-19; sc 492), Bax (N-20, sc 493), p21 (C-19; sc 397), p53 (FL-393; sc 6243), and ␣-tubulin (TU-02; sc 8035) were purchased from Santa Cruz, p53 (phospho S15; GTX 21431) was from GeneTex, CDC5L (612362) was from BD Transduction Laboratories, Prp19 (ab27692) was from Abcam, phospho-S139-␥-H2AX (JBW 301) was from Upstate, ␤-actin (1616) was from Sigma, cleaved caspase 3 (9661) was from Cell Signaling, and PLRG1 antiserum was previously described (4). Secondary antibodies were goat anti-rabbit immunoglobulin G (IgG) (whole molecule) peroxidase, anti-goat/sheep IgG (whole molecule) peroxidase (Sigma), and anti-mouse IgG (whole molecule) peroxidase (Amersham).
Cell cycle analysis using FACS analysis. Cells were collated by trypsin digestion and fixed in ice-cold 70% ethanol in PBS for at least 2 h. Cells were stained with propidium staining solution containing 0.1% Triton X-100 (Sigma), 200 g/ml DNase-free RNase A (Sigma), and 20 g/ml propidium iodide (Sigma) in PBS. Cells (25,000) were analyzed by fluorescence-activated cell sorter (FACS) (FACSCalibur; Becton-Dickinson Biosciences Immunocytometry Systems), and the proportion of cells in the G 0 /G 1 , G 2 /M, and S phases was measured. FACS analyses were performed in three independent experiments.
[ 3 H]thymidine incorporation. The assessment of cell proliferation and [ 3 H]thymidine incorporation was performed as previously described (33) .
Analysis of apoptosis. To assess apoptosis, a terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay (DeadEnd fluoromteric TUNEL system; Promega) was used. HTNC-treated wild-type and PLRG1 flox/flox fibroblasts were cultivated on glass coverslips in a 6-well plate for 3 days after Cre treatment. Thereafter, cells were fixed in 4% formaldehyde for 25 min at 4°C. TUNEL assays were performed according to the manufacturer's guidelines. The percentage of apoptotic cells was calculated as the number of TUNEL-positive cells per 4Ј,6Ј-diamidino-2-phenylindole (DAPI)-stained nucleus. To determine the amount of apoptotic cells, an annexin V assay (fluorescein isothiocyanate annexin V apoptosis detection kit I; BD Pharmingen) was used. The assays were performed according to the manufacturer's guidelines.
RT-PCR and quantitative real-time PCR. RNA from MEFs was isolated using the RNeasy mini kit (Qiagen) according to the manufacturer's protocol. The DNase treatment of RNA was performed prior to reverse transcription-PCR (RT-PCR) using the RQ1 RNase-free DNase I endonuclease according to the manufacturer's guidelines (Promega). Two hundred nanograms of total RNA per reaction mixture was used for cDNA synthesis using the one-step RT qPCR Master Mix from Eurogentec. One microliter of cDNA was used for PCR with exon-spanning primers for cyclin D1, cyclin E, and p53. Quantitative real-time PCR was performed using the qPCR Master Mix Plus without UNG kit from Eurogentec with a TaqMan Principles ABI Prism 7700 sequence detection system for mRNAs Ddit3, Foxo1, Foxo3a, Notch1, TGF-␤1, and Tuba1. The relative expression of mRNAs was determined using standard curves based on MEF cDNA. Samples were adjusted for total RNA content by TATA-binding protein RNA quantitative PCR. Calculations were performed by a comparative method (2 Ϫ⌬⌬CT ).
Immunohistochemistry. Brains were dissected from 2-to 3-day-old control and PLRG1
⌬CNS mice and snap-frozen in tissue-freezing medium (Jung tissuefreezing medium; Leica Microsystems). Sections were performed on a cryostat. Brain slices were either stained with hemolysin and eosin (H&E) or used for TUNEL assays. For PLRG1 ⌬mus mice, hearts were dissected from 3-week-old control and PLRG1 ⌬mus mice, frozen in tissue-freezing medium (Jung tissuefreezing medium; Leica Microsystems), and sectioned on a cryostat. Sections were stained with H&E or processed for TUNEL assays.
RNAi. The RNA interference (RNAi)-mediated knockdown of endogenous PLRG1 and p53 was performed using lipofection. PLRG1 small interfering RNA (siRNA) was purchased from Ambion (no. 16704), and p53 siRNA was purchased from Santa Cruz (sc-44219 and sc-29436). si-CONTROL from Dharmacon (D-001210-01) was used as the control siRNA. These siRNA duplexes (25 nM) were introduced into MEFs using Lipofectamine 2000 (Invitrogen) by following the manufacturer's guidelines. Forty-eight hours after transfection, cells were harvested and used for TUNEL assay and immunoblotting.
Nuclear extraction. Cells (1 ϫ 10 6 ) were resuspended in 15 l buffer A containing 10 mM HEPES (pH 7.6), 10 mM KCl, 2 mM MgCl 2 , 0.5 mM DTT, 0.1 mM EDTA, and 1 tablet of proteinase inhibitor (Complete mini; Roche) and incubated for 10 min at 4°C. NP-40 was added to a final concentration of 1% and incubated at 4°C for 1 min. Cells were immediately collected by centrifugation at 13,000 rpm at 4°C for 1 min. The supernatant represented the cytoplasmic fraction. The pellet was washed with buffer A and resuspended in 10 l buffer B containing 50 mM HEPES (pH 7.8), 50 mM KCl, 300 mM NaCl, 0.5 mM DTT, 0.1 mM EDTA, 10% glycerol, and 1 tablet of proteinase inhibitor (Complete mini; Roche). The pellet was incubated at 4°C on a full-speed shaker for 1 h. After incubation, the suspension was centrifuged at 13,000 rpm at 4°C for 1 h, and the supernatant contained the nuclear fraction.
Immunofluorescence. MEFs were cultivated on glass coverslips in a 6-well plate for 2 days after Cre treatment. Thereafter, cells were fixed and permeabilized with 0.5% Triton X-100. Subsequently, fixed and permeabilized fibroblasts were blocked with 3% bovine serum albumin in PBS for 30 min at room temperature. Samples were incubated for 1 h at room temperature with the respective antibodies according to the manufacturer's guidelines. Samples then were washed with PBS and incubated for 45 min at room temperature with the respective 1:500-diluted secondary antibody (Alexa-Fluor 555 and 546; Invitrogen). Cells were stained with DAPI in Vectashield to visualize nuclei. The percentage of ␥-H2AX-positive cells was calculated per DAPI-stained nucleus.
Targeted gene knockdown in zebrafish. Embryos were obtained through natural crosses and staged as previously described (24) . plrg1 morpholino-oligonucleotide (MO) (5Ј-AGTGCTTCTGCACGTCCTCGGTCAT-3Ј) and wrn MO (5Ј-ATTTAGGTAGAGTCCTGTCACCCAT-3Ј), targeting coding nucleotides 1 to 25 of plrg1 or wrn transcript, respectively, and p53 MO (5Ј-AGAATTGAT TTTGCCGACCTCCTCT-3Ј) (42) were purchased from GeneTools (Philomath, OR), diluted in Danieau's buffer, and injected into zebrafish embryos at the one-cell stage at indicated concentrations as previously described (36) . Acridine orange stainings of apoptotic cells were carried out as previously described (17) . Photos were taken on a Zeiss Axiophot microscope with a Hamamadsu Orca charge-coupled-device camera, and fluorescent and bright-field images were superimposed using Openlab software (Improvision). Whole-mount in situ hybridization was performed as previously described (20) .
Statistical methods. Data were analyzed for statistical significance using a two-tailed unpaired Student's t test.
RESULTS
Embryonic lethality in PLRG1-deficient mice. To gain first insights into the role of mammalian PLRG1, we determined the PLRG1 expression pattern in mice. Northern blot analysis of mRNA isolated during murine embryogenesis and from various organs of adult mice showed PLRG1 to be expressed throughout murine embryogenesis, peaking between days 12 and 15 postfertilization (Fig. 1A ) in all adult organs analyzed, with high levels in thymus, testis, kidney, and spleen (Fig. 1B) . This suggests a widespread role of PLRG1 in basic cellular processes.
We next generated mice with a targeted inactivation of the PLRG1 gene (Fig. 1C, D) . By analyzing the offspring of heterozygous PLRG1 ⌬/ϩ intercrosses at different developmental stages, we could retrieve homozygous PLRG1 ⌬/⌬ embryos only up to embryonic day 1.5 (E1.5) but not at later stages (Table 1) . At E1.5, PLRG1-deficient embryos displayed cell lysis (n ϭ 9/9), while wild-type and PLRG1
⌬/ϩ embryos exhibited normal two-cell stage morphology (Fig. 2) . In sum, these results reveal a crucial role for PLRG1 during the first cell division stage of embryogenesis.
PLRG1 deficiency in MEFs causes cell cycle arrest and apoptosis. To circumvent the limitations arising from the early embryonic lethality of PLRG1-deficient embryos, we generated mice with the conditional, Cre-loxP-mediated inactivation of the PLRG1 gene, introducing loxP sites to flank exon 3 of the PLRG1 gene (Fig. 3A, B) . To investigate the cellular defects caused by the loss of PLRG1 function in more detail, we established MEFs from control and PLRG1 flox/flox embryos. Subsequent Cre treatment (40) resulted in the efficient excision and removal of exon 3 from the PLRG1 flox/flox locus, leading to the absence of immunodetectable PLRG1 protein (Fig. 4A) . Moreover, Cre treatment resulted in the immediate cessation of cell proliferation in PLRG1 flox/flox MEFs, which is in line with the defects during the first cell cycle in conventional PLRG1 KO mice, whereas Cre treatment had no effect on cell proliferation in wild-type MEFs ( Fig. 4B ; also see Fig.  S1 in the supplemental material). Taken together, these experiments clearly demonstrate that PLRG1 is essential for cell proliferation.
To further define the role of PLRG1 in the control of cell proliferation, an analysis of serum-stimulated cell cycle progression was performed in wild-type and PLRG1 flox/flox MEFs that either were left untreated or Cre treated by FACS analysis. Compared to levels for MEFs growing with serum ( Fig.  4C) , serum deprivation caused an accumulation of both wildtype and PLRG1-deficient cells in G 1 phase. However, not all cells finished mitosis, indicating that the populations were not fully synchronized (Fig. 4C) . Twenty-four hours after the addition of serum, wild-type cells left untreated or treated with cell-permeable, recombinant Cre, as well as untreated PLRG1 flox/flox MEFs cells, displayed a significant reduction in the number of cells in G 1 phase, while more cells were in S and M phase. In contrast, only Cre-treated PLRG1 flox/flox MEFs did not respond to the serum, and the numbers of cells in G 1 phase remained unaltered (Fig. 4C) . Failed S-phase progression was further revealed by a lack of [ 3 H]thymidine incorporation into the DNA of serum-stimulated PLRG1-deficient MEFs (Fig. 4D ). These data demonstrate that PLRG1 is required for serum-stimulated cell cycle progression in murine cells.
To further characterize the nature of the cell cycle dysregulation caused by the PLRG1 mutation, we carried out Western blot analyses for Ser-15-phosphorylated p53, the stabilized and active version of the tumor suppressor p53 (35, 45, 50) that promotes cell cycle arrest and/or apoptosis (21, 48) . This analysis revealed increased levels of p53 expression and phosphorylation in the absence of PLRG1 (Fig. 5A) . Consistently with p53 stabilization in the absence of PLRG1, these MEFs also displayed increased apoptosis as assessed by TUNEL assay, accompanied by higher levels of the proapoptotic p53 target Bax and of proteolytically activated caspase 3, the key executing protease of apoptosis (15, 29) (Fig. 5B) . Moreover, annexin V stainings confirmed increased apoptosis in the absence of PLRG1 (Fig. 5C, D) . In summary, these experiments indicate that PLRG1 deficiency blocks cell cycle progression and stimulates apoptosis, possibly as a consequence of increased p53 levels and phosphorylation.
p53-dependent cell cycle arrest and/or apoptosis can result from different cellular insults, such as replication stress or DNA damage. Given the recent demonstration that PLRG1 interacts with the Werner helicase, we next stained control and PLRG1-deficient cells for ␥-H2AX, a phosphorylated histone, as an indicator of DNA double-strand breaks and arrested replication forks. While in control cells ␥-H2AX immunoreactivity was barely detectable, PLRG1-deficient cells exhibited massive accumulation of ␥-H2AX immunoreactivity (Fig. 5E,  F) . Moreover, PLRG1 deficiency induced the nuclear accumulation of p53 binding protein 1 (53BP1) as a further marker of an activated DNA damage response that colocalized with ␥-H2AX (Fig. 5G ). Taking these results together, the deletion of PLRG1 induces a DNA damage response, resulting in p53 stabilization.
Cytoplasmic relocalization of CDC5L in PLRG1-deficient cells. Since PLRG1-deficient cells underwent apoptosis and revealed increased ␥-H2AX immunoreactivity as a marker of an activated DNA damage response, and since it has been demonstrated that some of the biological activities of PLRG1, including the control of pre-mRNA splicing and DNA repair, appear to depend on the formation of the nuclear complex, we next analyzed the expression and subcellular localization of CDC5L and Prp19 in the presence and absence of PLRG1. Western blot analysis revealed no difference in the total cellular content of CDC5L in control and PLRG1-deficient MEFs (Fig. 6A) . However, in striking contrast to control cells, where CDC5L was almost exclusively detectable in the nuclear fraction, CDC5L was detectable only in the cytoplasm of PLRG1-deficient cells (Fig. 6A) . Furthermore, immunocytochemistry with CDC5L antibodies revealed an almost exclusive nuclear staining pattern for CDC5L in control cells, while PLRG1-deficient cells exhibited a faint and diffuse cytoplasmic staining (Fig. 6A) . In contrast to the cytoplasmic relocalization of CDC5L in PLRG1-deficient cells, Prp19 expression and subcellular localization remained unchanged in the absence of PLRG1 (Fig. 6B) . Taken together, these experiments indicate that PLRG1 serves as a critical nuclear scaffold to retain CDC5L in the nucleus and to allow for the functional assembly of the nuclear Prp19/CDC5L/PLRG1 complex. Previous mass spectrometry analyses of CDC5L-associated proteins have identified numerous spliceosomal components, including ASF/SF2, hnRNP-G, SAP145, and U2A, that are associated with PLRG1, and subsequent work has demonstrated a critical role for the PLRG1-CDC5L complex in the control of pre-mRNA splicing (2) . Moreover, in yeast, the CDC5L homologue Prp46p regulates cell cycle progression via the control of tubulin splicing (11) . Given the cytoplasmic relocalization of CDC5L in the absence of PLRG1, we next addressed the expression of tubulin in control and PLRG1-deficient MEFs. Our analysis revealed no detectable premRNA accumulation and even increased the mRNA expression of tubulin in PLRG1-deficient cells compared to that of controls (see Fig. S2 in the supplemental material). Moreover, spliced mRNAs of nine other intron-containing genes that are essential for cell cycle progression or other fundamental cellular processes were found to be normally expressed in PLRG1-deficient MEFs (see Fig. S2 in the supplemental material). Taken together, these data indicate that the cytoplasmic relocalization of CDC5L in the absence of PLRG1 does not result in general impairment in pre-mRNA splicing. Conditional inactivation of PLRG1 in heart cells and neurons causes apoptosis. To further investigate the role of PLRG1 in postnatal tissue homeostasis, we generated mice lacking PLRG1 specifically in skeletal and heart muscle (PLRG1 ⌬mus ). To this end, PLRG1 flox/ϩ mice were crossed with mice expressing the Cre recombinase under the control of the MCK promoter (10) . In contrast to the conventional KO mice, PLRG1 ⌬mus mice were detected at the expected Men- delian frequency at birth (data not shown). DNA analysis from individual tissues of control and PLRG1 ⌬mus mice at postnatal day 5 revealed Cre-mediated recombination only in the heart (Fig. 7A) . Presumably, Cre expression and activity in the skeletal muscle of MCKCre mice is initiated during later stages of development.
At 28 postnatal days, the survival rate of PLRG1 ⌬mus mice was reduced to 5% (Fig. 7B) , while it was 80% for their siblings, indicating that PLRG1 deficiency in heart muscle also is lethal (Table 2) . Histological analysis at postnatal day 24 demonstrated a massive dilatation and atrophy of both ventricles in PLRG1 ⌬mus mice, reflecting the pathology of severe dilated cardiomyopathy (Fig. 7C) . This phenotype results from the dramatically increased apoptosis of mutant cardiomyocytes, as revealed by a significant increase of TUNEL-positive cells in mutant hearts, leading to reduced ejection force and subsequent blood retention in both the left and right ventricle, resulting in the macroscopic aspect of largely dilated hearts (Fig. 7C to E) , which is consistent with the phenotype of other mouse models with increased cardiomyocyte death (51) . In addition, levels of the transcriptional p53 target and the proapoptotic factor Bax were increased, while levels of the antiapoptotic factor Bcl-2 were lower (Fig. 7F ) in PLRG1-deficient hearts. In sum, the data suggest that increased cardiomyocyte apoptosis causes the severe thinning of ventricle walls. Consistently with the results obtained in PLRG1-deficient MEFs, PLRG1-deficient hearts also exhibited massively increased ␥-H2AX immunoreactivity as a marker of an activated DNA damage response in the hearts of these mice in vivo (Fig. 7G, H) .
We also generated PLRG1 ⌬CNS mice with neuron-restricted PLRG1 deficiency in the central nervous system (CNS) by intercrossing PLRG1 flox/flox mice with mice expressing Cre recombinase under the control of the synapsin promoter (55) . Genomic PCR analysis confirmed the CNS-restricted recombination of the PLRG1 gene in PLRG1 ⌬CNS mice (Fig. 8A ). Compared to control mice (88%), PLRG1
⌬CNS mice displayed strongly reduced survival rates (25%) at 3 days after birth, while no mutant survivors were found at day 9 (Fig. 8B) . TUNEL staining revealed a dramatic increase in the number of apoptotic neurons in the dentate gyrus of mutant mice (Fig.  8C) (55) . In addition, brain extracts of PLRG1 ⌬CNS mice showed increased levels of p53 and p53 Ser-15 phosphorylation and decreased levels of the antiapoptotic protein Bcl-2, while Bax levels remained unaltered (Fig. 8D) . Thus, the absence of PLRG1 in the CNS leads to an apoptotic response in the hippocampus that is similar to that found in heart muscle or MEFs.
Apoptosis caused by PLRG1 deficiency is p53 dependent. To study whether the increase in p53 activity causes the cell cycle and cell death defects in PLRG1-deficient cells, we carried out combined PLRG1-p53 loss-of-function experiments. For this purpose, wild-type MEFs were transfected with siRNA oligonucleotides directed against PLRG1 or p53 only or against PLRG1 along with p53. Western blot analyses revealed the successful siRNA-mediated silencing of PLRG1 and p53 (Fig.  9A) . As for PLRG1-deficient MEFs, the siRNA-mediated knockdown of PLRG1 resulted in dramatically increased apoptosis in the presence of increased p53 expression and phosphorylation, as well as increased Bax and p21 expression (Fig. 9A,  B) . In contrast, the simultaneous downregulation of both PLRG1 and p53 expression restored cell survival, while Bax and p21 expression dropped to the same levels as those of the controls (Fig. 9A, B) .
To investigate whether p53 upregulation also accounts for the effect of PLRG1 deficiency in vivo, we suppressed both genes in zebrafish embryos. By searching zebrafish genomic databases we identified a gene (GenBank accession number NM_213440) with a deduced amino acid sequence that is 77.9% identical to that of mouse PLRG1, indicating that it is the zebrafish plrg1 ortholog. Whole-mount in situ hybridization revealed the ubiquitous distribution of zebrafish plrg1 transcripts during all investigated stages, i.e., from the one-cell stage to the larval stages, indicating that the gene product is both maternally and zygotically derived (http://zfin.org). The inactivation of zebrafish plrg1 with an antisense MO targeting the plrg1 translation initiation site led to dose-dependent severe and widespread apoptosis that already was apparent at early segmentation stages (12 h postfertilization) (Fig. 9C) . Morphologically, the phenotype of most severely affected embryos was slightly stronger than that of zebrafish plrg1 mutants (6) (http://zfin.org). This indicates that in mutants, defects are partly rescued by maternally supplied plrg1 transcripts, which, however, are inactivated along with the zygotic transcripts by MO injection. However, MO treatment does not affect maternally derived Plrg1 protein, which would explain why the defects of zebrafish morphants develop later than those of PLRG1 mouse mutants. Importantly, the concomitant inactivation of zebrafish p53 in plrg1 morphants via the coinjection of plrg1 and p53 MOs (26) led to a significant attenuation of apoptosis and morphological defects (Fig. 9C) , adding further in vivo evidence that apoptosis resulting from plrg1 deficiency is indeed p53 dependent.
DISCUSSION
Our experiments reveal an essential role for PLRG1 in the development of the preimplantation mouse embryo and the early zebrafish embryo. The death of PLRG1-deficient mouse embryos occurs during the first cell cycle, which is earlier than that of mutants in most other thus-far-described house-keeping genes, pointing to a pivotal role in regulating basic cellular processes. It further indicates a very short half-life of PLRG1 mRNA and protein, as maternal PLRG1 from the oocyte apparently cannot compensate for the lack of zygotic gene products even during the first day of embryogenesis. This notion is consistent with the fact that in PLRG1 flox/flox MEFs, the amount of immunodetectable PLRG1 already is largely reduced after overnight incubation with the cell-permeable Cre protein (A. Kleinridders and J. C. Brüning, unpublished data).
PLRG1 initially was identified as a subunit of spliceosomal complexes (2) . Also, in yeast it has been demonstrated that the PLRG-1 orthologue Prp46p is essential for pre-mRNA splicing (5). Moreover, prp46 mutants exhibit a defect in cell cycle progression. While PLRG1 deficiency in mice results in a failure to progress through the cell cycle, including S phase, the inactivation of yeast Prp46p results in impaired mitosis with a G 2 /M block (5).
Biochemical and genetic studies demonstrate that Prp46p interacts with other components of the spliceosome, such as Prp45p, Prp19 (Pso4), and Cef1p/Cdc5p (38) . Mutations of these spliceo- somal components result in pleiotropic defects, including temperature sensitivity, enhanced sensitivity to mutagens and radiation, and the accumulation of pre-mRNA (38) . Although the molecular mechanisms resulting in cell cycle defects as a consequence of the deletion of spliceosomal components have not been fully characterized, previous experiments in yeast demonstrated that defective pre-mRNA splicing directly blocks mitosis. Thus, the altered splicing of a single intron from the TUB1 ␣-tubulin gene caused by the CDC5 mutation results in the G 2 /M cell cycle defect in fission yeast (11) . Moreover, besides the direct effect of the impaired splicing of critical cell cycle regulators, stalled splicing may lead to the rehybridization of nascent transcripts with the DNA template and the introduction of DNA breaks and genomic instability that ultimately leads to cell death (27) . Also in mammals, PLRG1 interacts with the SNEV/Pso4/ prp19 protein (2, 32) . Interestingly, the disruption of SNEV in mice also results in early embryonic lethality at E3.5 (16) . Similarly, the KO of basic splicing factors like SRp20 (23) or the hnRNP complex component C (52) leads to embryonic death, although it does so at later stages of development than KO of PLRG1 (E3.5 or E6.5, respectively, compared to E1.5 for KO of PLRG1). Again, this might be due to a shorter half-life of the PLRG1 mRNA and/or protein. However, the earlier lethality of PLRG1-deficient mice compared to that of mice lacking essential components of the spliceosome might point toward additional roles of PLRG1 that are independent of pre-mRNA processing and splicing. This is further supported by findings that the splicing of multiple investigated RNAs, including those of critical cell cycle regulators such as p53, cyclin D1, and cyclin E1, as well as tubulin, appeared normal in PLRG1-deficient MEFs (see Fig. S2 in the supplemental material). The unaltered expression of numerous intron-containing genes in the absence of PLRG1, when CDC5L translocates to the cytoplasm, is surprising in light of the previous demonstration that inhibiting PLRG1-CDC5L interaction interferes with pre-mRNA splicing (3). Although our experiments clearly cannot rule out that PLRG1 is required for the control of the pre-mRNA splicing of other specific genes, they indicate that the general impairment of pre-mRNA likely does not account for the observed phenotype in PLRG1-deficient cells. Further experiments clearly will have to address (i) the molecular basis for the PLRG1-controled subcellular localization of CDC5L and (ii) the functional consequences of the cytoplasmic relocalization of CDC5L.
Moreover, also for SNEV, an indispensable, more direct role during DNA repair has been discussed as a possible alternative explanation for the early lethality of mutant mice (16) . The recently discovered interaction of the CDC5L-PLRG1 complex with the Werner (WRN) helicase adds further support for the discussed essential role of PLRG1 during DNA metabolism, as WRN binds different components of the DNA replication machinery and is involved in the regression of replication forks after replication arrest or DNA damage during S phase (41) (46) . Similarly, deletions of important DNA metabolism genes such as ATR, Chk1, NBS1, BRCA1, BRCA2, and Rad51 lead to early embryonic lethality similar to that of PLRG1 mutants (9, 13, 47, 49, 54) .
To study a possible function of PLRG1 during DNA metabolism, we performed more-detailed analyses in PLRG1-deficient MEFs (in vitro) and after tissue-specific conditional PLRG1 inactivation (in vivo). Indeed, in PLRG1-deficient cells and tissues, numbers of ␥-H2AX foci at sites of an activated DNA damage response are dramatically increased. Moreover, FACS analysis revealed a normal distribution of mutant cells throughout the different cell cycle phases, indicating that cells become arrested in all phases rather than accumulating at a particular transition. This further supports a role of PLRG1 during DNA metabolism that is not restricted to particular phases of the cell cycle, such as DNA repair. Also consistent with a role of PLRG1 in genomic integrity is the finding that PLRG1-deficient cells displayed increased levels of p53 protein, which is stabilized upon phosphorylation by DNA damage-sensing kinases such as Chk1 (7).
Thus, the further characterization of the functional interactions between PLRG1, CDC5L, SNEV, WRN, and possible additional partners will help to decipher the regulatory links between common components of splicing and DNA metabolism and may yet uncover functions in age-related diseases and malignant transformation.
